The brains of fetal alcohol syndrome patients exhibit impaired neuronal migration, but little is known about the mechanisms underlying this abnormality. Here we show that Ca 2ϩ signaling and cyclic nucleotide signaling are the central targets of alcohol action in neuronal cell migration. Acute administration of ethanol reduced the frequency of transient Ca 2ϩ elevations in migrating neurons and cGMP levels and increased cAMP levels. Experimental manipulations of these second-messenger pathways, through stimulating Ca 2ϩ and cGMP signaling or inhibiting cAMP signaling, completely reversed the action of ethanol on neuronal migration in vitro as well as in vivo. Each second messenger has multiple but distinct downstream targets, including Ca 2ϩ /calmodulin-dependent protein kinase II, calcineurin, protein phosphatase 1, Rho GTPase, mitogen-activated protein kinase, and phosphoinositide 3-kinase. These results demonstrate that the aberrant migration of immature neurons in the fetal brain caused by maternal alcohol consumption may be corrected by controlling the activity of these second-messenger pathways.
Introduction
Prolonged exposure to alcohol during gestation and lactation correlates with a pattern of abnormal development in newborns (Chiriboga, 2003; Lemoine et al., 2003; Sokol et al., 2003; Goodlett et al., 2005) . Jones and Smith (1973) called this developmental disturbance "fetal alcohol syndrome" (FAS). The disturbance of the CNS is the most serious feature of FAS (Marcus, 1987; Riley and McGee, 2005; Welch-Carre, 2005) . For example, microencephaly is common among patients with FAS (Wisniewski et al., 1983) . Several aspects of development are involved in the alcohol-induced malformation of the brain (Jones, 1988; Coulter et al., 1993; Guerri, 2002) . Among them, the most striking abnormalities appear to involve the impairment of neuronal and glial migration (Miller, 1986 (Miller, , 1993 .
The fundamental mechanisms by which alcohol administration leads to the disturbance of brain development have not been delineated definitively. Previous studies suggest that alcohol or a metabolic product is responsible for the teratogenic effects expressed in FAS (Randall et al., 1990; West et al., 1994) , and may adversely affect the developing brain through multiple mechanisms (Kennedy, 1984) . These include direct effects such as transient impairment of uterine vessels and reduced fetal cerebral metabolic rate (Kennedy, 1984) . Alcohol is also capable of affecting voltage-gated ion channels, neurotransmitter receptors, signal transduction, transcription of multiple genes, trophic support of neurons, and membrane fluidization (West et al., 1994; Costa et al., 2004; Olney, 2004) .
In this study, we focused on how alcohol affects the migration of immature neurons. To this end, we used cerebellar granule cells from the early postnatal mouse as a model system (Cudd, 2005) . Children with FAS show neurological signs associated with cerebellar damage, such as delayed motor development, problems with fine tasks, and ataxia (Little et al., 1989; Green et al., 2002; Hauser et al., 2003; Coffin et al., 2005; Manzardo et al., 2005) . The most vulnerable period of cerebellar development in humans is during the third trimester (Clarren, 1986) . The equivalent time of development in mice is during the early postnatal period (Kornguth et al., 1979) , and alcohol exposure results in abnormal development of the postnatal cerebellum (Kornguth et al., 1979; Sakata-Haga et al., 2001; Dikranian et al., 2005) . In particular, the numbers of granule cells in the internal granular layer (IGL), where postmigratory granule cells reside and make synaptic connections with mossy fiber terminals, were significantly reduced in the alcohol-treated animals (Borges and Lewis, 1983) , suggesting that alcohol affects the migration of immature granule cells from their birthplace to their final destination.
We first determined the quantitative relationship between the amount of ethanol exposure and the effects on cerebellar granule cell migration. Second, we examined the intracellular mechanisms by which ethanol affects the migration of granule cells. In particular, we focused on the roles of Ca 2ϩ signaling and cyclic nucleotide signaling in the ethanol-induced impairment of granule cell migration. Finally, we examined whether the impaired migration of granule cells caused by ethanol can be reversed by controlling the second-messenger pathways.
Materials and Methods
All animal procedures were approved by the Internal Animal Care and Use Committee of the Cleveland Clinic Foundation. Granule cell migration in acute slice preparations. Cerebella of postnatal 7-, 10-, and 13-d-old mice (CD-1) were sectioned transversely or sagittally into 150-to 200-m-thick slices on a vibrating blade microtome Rakic, 1995, 1998a; Komuro et al., 2001) . To label granule cells, cerebellar slices were incubated for 3 min in a fluorescent lipophilic carbocyanine dye [1,1Ј-dioctadecyl-3,3 ,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI)] (7 g/ml) (Invitrogen, Eugene, OR), which was added to the culture medium. The culture medium consisted of a minimum essential medium (Invitrogen) supplemented with (in mM) 30 glucose, 1.8 glutamine, and 24 NaHCO 3 . One or 2 h after staining with DiI, cerebellar slices were transferred into the chamber of a microincubator (Medical Systems Corp., Greenvale, NY) attached to the stage of a confocal microscope (Leica, Nussloch, Germany). Chamber temperature was kept at 37°C, and the cells were provided with a constant gas flow (95% O 2 , 5% CO 2 ). The tissue was illuminated with a 488-nmwavelength light from an argon laser through a 40ϫ oil-immersion objective (numerical aperture, 1.25; Leica), and fluorescence emission was detected at 530 Ϯ15 nm. To determine the effects of ethanol on neuronal migration, images of granule cells labeled with DiI were collected every minute for up to 5 h before and after application of ethanol. Ethanol is volatile, and to maintain ethanol concentrations in the medium, we continuously perfused the culture medium with ethanol ranging from 2.5 to 100 mM. The inhibition of migration was evaluated by dividing the distance traveled during the first 60 min in the absence of ethanol by the distance traveled during the next 60 min after its application.
Migration of isolated granule cells in microexplant culture. Cerebella of postnatal day 0 -3 (P0 -P3) mice (CD-1) were placed in ice-chilled HBSS and freed from meninges and choroid plexus Rakic, 1996, 1999; Yacubova and Komuro, 2002a; Kumada and Komuro, 2004) . Cerebellar slices were then made with a surgical blade, from which white matter and deep cerebellar nuclei were removed. Rectangular pieces (50 -100 m) were dissected out from the remaining tissue, which consisted mainly of cerebellar gray matter, under a dissecting microscope. Small pieces of cerebellum were placed on 35 mm glass-bottom microwell dishes (MatTec, Ashland, MA) that had been coated with poly-L-lysine (100 g/ml)/laminin (20 g/ml). Each dish was put in a CO 2 incubator (37°C, 95% air, 5% CO 2 ). The incubation medium consisted of DMEM/ F-12 (Invitrogen) with N2 supplement, 90 U/ml penicillin, and 90 g/ml streptomycin. In these cultures, Ͼ95% of the migrating neurons were granule cells, which were easily distinguished from other neurons by the small size of their cell bodies (Komuro and Rakic, 1996; Yacubova and Komuro, 2002a) . Although granule cells were prepared from the external granule layer (EGL) and the IGL of all lobules of the cerebellum, most of the granule cells were derived from the EGL, because at the age of P0 -P3, the IGL contains only a small number of postmigratory granule cells (Yacubova and Komuro, 2002a) ; therefore, most of the granule cells were at the same developmental stage. One day after plating, dishes were transferred into the chamber of a micro-incubator (Medical Systems Corp.) attached to the stage of a confocal microscope (Leica). Chamber temperature was kept at 37°C, and the cells were provided with a constant gas flow (95% air, 5% CO 2 ). The transmitted images of migrating granule cells at 488 nm were collected every 60 s for up to 5 h. To examine the effects of ethanol on granule cell migration, 25-200 mM ethanol was added to the culture medium.
Measurement of granule cell migration in vivo. P9 (CD-1) mice were injected intraperitoneally with 5-bromo-2Ј-deoxyuridine (BrdU; 50 mg/kg body weight) (Komuro et al., 2001) . One day after BrdU injection, one group of mice was injected with 100 l of saline, caffeine (15 mg/kg body weight), NMDA (2 mg/kg body weight), Rp-cAMPS (2 mg/kg body weight), or Br-cGMP (2 mg/kg body weight) into the peritoneal cavity with or without an ethanol injection (5 g/kg body weight; 25%, v/v mixed in saline). The other group of mice was injected with 5 l of saline, caffeine (2 mg/kg body weight), NMDA (0.01 mg/kg body weight), RpcAMPS (0.4 mg/kg body weight), or Br-cGMP (0.4 mg/kg body weight) into the subarachnoid space between the skull and the surface of the cerebellum and injected with ethanol (5 g/kg body weight; 25%, v/v mixed in saline) or saline into the peritoneal cavity. Two days after BrdU injection, all animals were transcardially perfused with 4% paraformaldehyde. Brains were postfixed in 4% paraformaldehyde for 24 h, stored in a 30% sucrose solution, and sectioned sagittally into 30-m-thick slices. In each section, cells that had incorporated BrdU into DNA were detected by an anti-BrdU monoclonal antibody (BrdU labeling and Detection Kit I; Boehringer Mannheim, Indianapolis, IN) and fluoresceinconjugated secondary antibody (Komuro et al., 2001) . Fluorescent signals were detected and processed with a confocal microscope.
Ca 2ϩ measurements in isolated granule cells. Small pieces of P0 -P3 mouse (CD-1) cerebellum were placed on 35 mm glass-bottom microwell dishes that had been coated with poly-L-lysine (100 g/ml)/laminin (20 g/ml) (Komuro and Rakic, 1996; Yacubova and Komuro, 2002b) . Each dish was put in a CO 2 incubator (37°C, 95% air, 5% CO 2 ). The incubation medium consisted of DMEM/F-12 (Invitrogen) with N2 supplement, 90 U/ml penicillin, and 90 g/ml streptomycin. One day after plating, the granule cells in the microexplant cultures were incubated for 30 min with the cell-permeant, acetoxymethyl ester form of 1 M Oregon Green 488 BAPTA-1 (Invitrogen) diluted in the culture medium. The cells were subsequently washed three times with the culture medium, and the dye was allowed to de-esterify for an additional 30 -60 min in the CO 2 incubator. A confocal microscope was used to examine the changes in Ca 2ϩ levels and cell movement. The granule cells loaded with Oregon Green 488 BAPTA-1 were illuminated with 488-nm-wavelength light, and fluorescence images for Ca 2ϩ measurements (at 530 Ϯ 15 nm) and transmitted images for monitoring cell movement were collected simultaneously every 1-10 s for up to 2 h. The changes in fluorescence intensity of each granule cell were normalized to its baseline fluorescent intensity. To examine the effects of ethanol on the frequency of Ca 2ϩ transients in the granule cell somata and the rate of cell migration, 25-200 mM ethanol was added to the culture medium.
Determination of cAMP and cGMP levels. Forty-six P10 (CD-1) mice were injected intraperitoneally with ethanol (5 g/kg body weight; 25%, v/v mixed in saline). At 1 h after ethanol injection, the mice were killed, and whole cerebella were isolated. Then, the cerebella were weighed and frozen in liquid nitrogen to inactivate the endogenous enzymes. Thereafter, the frozen cerebella were homogenized in 10 vol of 0.1 M HCl. The homogenates were centrifuged at 10,000 rpm for 5 min, and the supernatants were used for the assay. cAMP levels and cGMP levels in the cerebella were determined by use of the Direct cAMP Enzyme Immunoassay kit (Sigma, St. Louis, MO) and the Direct cGMP Enzyme Immunoassay kit (Sigma), according to the manufacturer's instructions. Furthermore, the total amount of proteins was estimated with the BCA Protein Assay kit (Pierce, Rockford, IL).
Detection of apoptotic cell death of granule cells. P10 (CD-1) mice were injected intraperitoneally with 100 l of saline, caffeine (15 mg/kg body weight), NMDA (2 mg/kg body weight), Rp-cAMPS (2 mg/kg body weight), or Br-cGMP (2 mg/kg body weight) with or without ethanol (5 g/kg body weight; 25%, v/v mixed in saline). One day after injection, all animals were transcardially perfused with 4% paraformaldehyde. Brains were postfixed in 4% paraformaldehyde for 24 h, stored in a 30% sucrose solution, and sectioned into 30-m-thick slices. In each section, apoptotic cell death of granule cells and their precursors was determined by the terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay kit (Roche Diagnostics, Roswell, GA), according to the manufacturer's instructions. After staining with TUNEL, the sections were incubated with 400 l of 0.33 mM TO-PRO3 (Invitrogen) for 5 min at room temperature for nuclear staining.
Determination of blood alcohol levels. Thirty P10 (CD-1) mice were injected intraperitoneally with ethanol (5 g/kg body weight; 25%, v/v mixed in saline). At 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after ethanol injection, blood samples were collected from the mice, and ethanol con-centrations in blood were determined by the use of the NAD-ADH Reagent Multiple Test Vial (Sigma), according to the manufacturer's instructions.
Statistical analysis. Statistical differences were determined with a Student's t test. Statistical significance was defined at p Ͻ 0.05 or p Ͻ 0.01.
Results
Dose-dependent reduction of the rate of granule cell migration in three cortical layers of early postnatal mouse cerebellum by ethanol We first examined the effects of ethanol on cerebellar granule cell migration in vitro. In the developing cerebellum, postmitotic granule cells migrate from their birthplace at the top of the EGL, where their precursor cells actively proliferate every 19 -22 h, to their final destination in the IGL (Rakic, 1971; Hatten and Heintz, 1995; Rakic and Komuro, 1995; Komuro and Yacubova, 2003) . During this trip, the cells exhibit three distinct modes of migration: (1) tangential migration in the EGL; (2) Bergmann glia-guided radial migration in the molecular layer (ML); and (3) gliaindependent radial migration in the IGL (Komuro and Rakic, 1998b; Yacubova and Komuro, 2003) . Real-time observation of cell movement in cerebellar slices revealed that administration of ethanol (100 mM) immediately slows the tangential migration of granule cells in the EGL of a P10 mouse ( Fig. 1 A, B) , and induces morphological change in the soma as indexed by the length/width ratio (Fig. 1C) . Pharmacologically relevant concentrations of ethanol were based on blood ethanol concentrations attained by alcohol consumption in humans (Jones, 1988) . Because ethanol readily crosses the placental and bloodbrain barriers and diffuses rapidly into all aqueous compartments of the body (West et al., 1994) , these levels would readily be found in cases of alcohol consumption during pregnancy. The effects of ethanol on the rate of granule cell migration in the cerebellar slices obtained from P10 mice were dose dependent (Fig. 1 D) . For example, although 2.5 mM ethanol failed to alter the rate of cell movement, 10 mM ethanol (equivalent to blood ethanol level Ͻ50 mg/dl) significantly decreased the rate of cell movement to 62% (EGL), 76% (ML), and 82% (IGL) of the control rate. In the presence of 50 mM ethanol, the rate of cell movement was reduced to 40% (EGL), 55% (ML), and 62% (IGL) of the controls. Finally, when 100 mM ethanol was added, the movement declined to 35% (EGL), 50% (ML), and 56% (IGL) of the control. These results demonstrate that ethanol slows granule cell migration in a dose-dependent manner. It is noteworthy that the vulnerability of granule cells to ethanol exposure decreased as the cells migrated from the EGL to the IGL (Fig. 1E) . The differential vulnerability of granule cells among the three cortical layers suggests that the stage of differentiation (or maturation) is critical in producing the harmful effects of ethanol on granule cell migration.
Next, we determined whether ethanol differentially affects granule cell migration at different ages. To address this question, we used cerebellar slices obtained from P7 and P13 mice, because in the mouse cerebellum, most of the granule cells migrate from the EGL to the IGL during a period ranging from P5 to P15 (Miale and Sidman, 1961; Fujita, 1967) . We found that the granule cells in the cerebellum of younger mice are more susceptible to ethanol exposure than those of older mice. For example, in cerebellar slices obtained from P7 mice, an acute administration of 10 mM ethanol decreased the rate of granule cell migration to 53% (EGL), 69% (ML), and 74% (IGL) of the control rate, 50 mM ethanol decreased the rate to 36% (EGL), 49% (ML), and 55% (IGL) of the control rate, and 100 mM ethanol decreased the rate to 31% (EGL), 44% (ML), and 48% (IGL) of the control rate. In contrast, in cerebellar slices obtained from P13 mice, 10 mM ethanol decreased the rate of granule cell migration to 68% (EGL), 81% (ML), and 85% (IGL) of the control rate, 50 mM ethanol decreased the rate to 43% (EGL), 58% (ML), and 64% (IGL) of the control rate, and 100 mM ethanol decreased the rate to 38% (EGL), 55% (ML), and 59% (IGL) of the control rate. The different susceptibility of granule cells between different ages of animals suggests that microenvironments surrounding the granule cells modulate the effects of ethanol on cell migration.
Direct action of ethanol on the intrinsic migratory behavior of isolated granule cells in microexplant cultures
Alcohol may alter the motility of granule cells directly or indirectly by modifying the surrounding environment. For example, ethanol exposure affects the development and functions of glia (Miller and Robertson, 1993; Gonzalez-Burgos and Alejandre-Gomez, 2005 ), which in turn may alter granule cell motility. To determine whether alcohol directly affects the migration of granule cells, we used microexplant cultures of P0 -P3 mouse cerebella (Komuro and Rakic, 1996; Yacubova and Komuro, 2002a,b) . In these cultures, isolated granule cells actively migrate in the absence of cell-cell contact (Yacubova, and Komuro, 2002a) . The addition of 100 mM ethanol slowed the migration of isolated granule cells from 43.2 to 18.3 m/h, although ethanol did not affect the extension of the leading process or the morphological features of the process ( Fig. 2A-C) . It has been shown that isolated granule cells exhibit systematic fluctuations in their migration rate every 2-3 h (Yacubova, and Komuro, 2002a) ; therefore, to confirm the effects of ethanol on the migration of isolated granule cells, we averaged the data obtained from at least 100 isolated granule cells at each dose level of ethanol. We found that ethanol at concentrations ranging from 25 to 200 mM appreciably slowed the movement of isolated granule cells (Fig. 2D ). For example, the average rate of cell movement was reduced to 85% (25 mM ethanol), 71% (50 mM ethanol), 63% (100 mM ethanol), and 46% (200 mM ethanol) of the control (Fig. 2D ). These results indicated that alcohol acts directly on the migration of granule cells in a dose-dependent manner.
Reduction of frequency of spontaneous Ca 2؉ transients in somata of migrating granule cells by ethanol
Through what molecular mechanisms does ethanol slow the migration of granule cells? Although the effects of ethanol were initially believed to arise from alcohol-induced perturbations in the order of membrane lipids, the effects on membrane lipids are actually quite small at clinically relevant concentrations (Peoples et al., 1996) . It has been reported that even low levels of ethanol can modulate the functions of voltage-gated and ligand-gated Ca 2ϩ channels by binding to a hydrophobic pocket on the proteins (Walter and Messing, 1999) , suggesting that administration of ethanol may affect the intracellular Ca 2ϩ levels of migrating granule cells. This possibility is intriguing, because it is known that the migration of granule cells is highly sensitive to changes in intracellular Ca 2ϩ levels and Ca 2ϩ signaling Rakic, 1992, 1993; Kumada and Komuro, 2004; Komuro and Kumada, 2005) . On the basis of these previous studies, we hypothesized that ethanol affects the migration of granule cells by altering intracellular Ca 2ϩ levels and Ca 2ϩ signaling. To test this hypothesis, we examined whether the application of ethanol changes the intracellular Ca 2ϩ levels of migrating granule cells. With the use of a Ca 2ϩ indicator dye (Oregon Green 488 BAPTA-1), we found that the administration of ethanol significantly lowers the frequency of spontaneous Ca 2ϩ transients in the granule cell somata in a dose-dependent manner (Fig. 3A,B) . For example, the aver- age number of spontaneous Ca 2ϩ transients in the granule cells was reduced to 88% (25 mM ethanol), 73% (50 mM ethanol), 48% (100 mM ethanol), and 35% (200 mM ethanol) of the control after administration of ethanol (Fig. 3B) . These results suggest that one of the cellular mechanisms underlying ethanol action on neuronal migration is precisely the alteration of Ca 2ϩ signaling.
Reversal of ethanol action on granule cell migration by enhancing Ca 2؉ signaling If ethanol slows granule cell migration by inhibiting Ca 2ϩ signaling, enhancing Ca 2ϩ release from internal Ca 2ϩ stores or Ca 2ϩ influxes across the plasma membrane may reduce the effect of ethanol on granule cell migration. To test this possibility, we applied caffeine, which increases internal Ca 2ϩ release through the ryanodine receptors, NMDA and nicotine, both of which induce Ca 2ϩ influxes through NMDA-type glutamate receptors and nicotinic acetylcholine receptors. Intoxicating levels of ethanol have been reported to alter the activity of these receptors (Lovinger et al., 1989; Mezna et al., 1996; Narahashi et al., 1999) . We added caffeine, NMDA, and nicotine to the culture medium at dose levels that are able to activate their receptors and have fewer toxic side effects (Rossi and Slater, 1993; Narahashi et al., 2001; El Yacoubi et al., 2003; Connole et al., 2004; Dash et al., 2004; Chen and Harle, 2005; Riddoch et al., 2005) . In the absence of ethanol, the addition of nicotine (1 M) or caffeine (1 mM) to the culture medium did not appreciably change the migration rate of isolated granule cells, whereas the addition of NMDA (30 M) significantly accelerated the rate of migration (Fig. 3C) . Moreover, it is interesting that when caffeine (1 mM) or NMDA (30 M) was added to the culture medium with ethanol, the effects of ethanol on the rate of granule cell movement were noticeably reduced at all dose levels (25-100 mM) (Fig. 3D-F ) . In contrast, when nicotine (1 M) was added to the culture medium with low doses (25 and 50 mM) of ethanol, nicotine had little effect on the rate of migration (Fig. 3D,E) . In the presence of a high dose (100 mM) of ethanol, the application of nicotine significantly amplified the effects of ethanol on granule cell migration (Fig. 3F ) . These results suggest that ethanol affects the migration of granule cells by altering multiple and distinct components of Ca 2ϩ signaling. Furthermore, these results demonstrate that the action of ethanol may be ameliorated by controlling Ca 2ϩ signaling.
Reciprocal control of ethanol action on granule cell migration by cAMP signaling Ca 2ϩ signaling pathways interact with numerous other signaling systems (Berridge et al., 2003) . Among them, cyclic nucleotide pathways such as those involving cAMP or cGMP are of particular interest, because alterations of these systems affect the motility of various types of cells (Gorbunova and Spitzer, 2002; Xiang et al., 2002; Howe et al., 2005; Veltman et al., 2005) . Accordingly, with the use of the cAMP enzyme immunoassay, we first investigated whether ethanol alters cAMP levels in the cerebellum. We found that an intraperitoneal injection of ethanol (5 g/kg body weight) into P10 mice markedly increases cAMP levels in the cerebellum 1 h after injection (Fig. 4 A) , which suggests that cAMP signaling also plays a role in the effects of ethanol on granule cell migration. We then examined whether altering the cAMP signaling pathways likewise alters the effects of ethanol on the rate of granule cell migration. In the absence of ethanol, stimulating adenylyl cyclase (AC) with forskolin (30 M), which is upstream of cAMP signaling, markedly reduced the rate of granule cell movement; however, inhibiting protein kinase A (PKA) with PKA inhibitor fragment 14-22, myristoylated trifluoroacetate salt (PKI) (5 M), which is downstream of cAMP signaling, markedly increased the migration rate of isolated granule cells (Fig. 4C) . Similarly, without ethanol, Sp-cAMPS (20 M), a competitive cAMP agonist, reduced the rate of granule cell migration, whereas Rp-cAMPS (100 M), a competitive cAMP antagonist, increased the rate, although these changes were not statistically significant (Fig. 4C ). These results demonstrate that in the absence of ethanol, stimulating cAMP signaling reduces the rate of granule cell migration, whereas inhibiting cAMP signaling increases the rate of cell migration.
Interestingly, when the activity of PKA was inhibited with PKI (5 M), the effects of low doses (25 and 50 mM) of ethanol on the rate of granule cell movement were reduced significantly (Fig.  4 D, E) , although the inhibition of PKA activity failed to change the action of a high dose of ethanol (100 mM) on cell migration (Fig. 4 F) . Furthermore, application of a competitive cAMP antagonist, Rp-cAMPS (100 M), completely reversed the effects of ethanol on the rate of granule cell migration at all dose levels (25-100 mM) (Fig. 4 D-F ) . Moreover, when the activity of AC was inhibited with 9-cyclopentyladenine (30 M), the effects of high-dose ethanol (100 mM) were reduced significantly (Fig. 4 F) . In contrast, when AC was stimulated with forskolin (30 M), the effects of low-dose ethanol (25 mM) on the rate of migration were enhanced significantly (Fig. 4 D) . Together, these results demonstrate that the effects of ethanol on granule cell migration are highly sensitive to changes in the activity of cAMP signaling pathways: stimulating cAMP signaling amplifies the effects of ethanol in granule cell migration, whereas inhibiting cAMP signaling reduces the effects. Because the application of ethanol increases cAMP levels, ethanol may slow the migration of granule cells by stimulating cAMP signaling pathways.
Reduction of ethanol action on granule cell migration through stimulation of the cGMP signaling pathway
To determine the involvement of the cGMP signaling pathway in the action of ethanol on granule cell migration, we first examined whether application of ethanol alters cGMP levels. Use of the cGMP enzyme immunoassay revealed that an intraperitoneal injection of ethanol (5 g/kg body weight) into P10 mice significantly decreases cGMP levels in the cerebellum 1 h after injection (Fig. 4 B) , suggesting that cGMP signaling also is a target for ethanol action in cell migration. Next we examined the role of cGMP signaling in the ethanol-induced inhibition of granule cell migration. In the absence of ethanol, stimulating cGMP signaling with the cGMP analog Br-cGMP (100 M) slightly increased the rate of granule cell movement, whereas inhibiting cGMP signaling with the cGMP antagonist Rp-8-pCPT-cGMPS (5 M) slightly decreased the rate (Fig. 4G) ; however, these changes were not statistically significant. Furthermore, inhibiting the guanylyl cyclase with 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) (1.5 M) did not affect the rate of granule cell migration (Fig. 4G) . It is significant that when the cGMP signaling pathway was stimulated with Br-cGMP (100 M), the effects of ethanol on granule cell migration were markedly reduced at all dose levels (25-100 mM) (Fig. 4 H-J ) . In contrast, inhibiting the cGMP signaling pathway with Rp-8-pCPT-cGMPS (5 M) or ODQ (1.5 M) did not change the action of ethanol on the rate of granule cell migration (Fig. 4 H-J ) . Cumulatively, these results demonstrate that cGMP signaling is also targeted by ethanol action in granule cell migration. Application of ethanol may slow granule cell migration by reducing the activity of cGMP signaling pathways.
Modification of ethanol action on granule cell migration through alteration of the activity of cyclic nucleotide phosphodiesterase
If alcohol affects granule cell migration by altering cAMP and cGMP signaling pathways, one mechanism controlling the action of ethanol might be the degradation of these cyclic nucleotides. To test this possibility, we inhibited the activity of cyclic nucleotide phosphodiesterases (PDEs), which catalyze the hydrolysis of cAMP and/or cGMP. In the absence of ethanol, the application of 3-isobutyl-1-methylxanthine (IBMX) (30 M), a broadspectrum PDE inhibitor, did not affect the rate of granule cell migration (Fig. 4 K) . Both 8-methoxymethyl-IBMX (8-MM- IBMX) (20 M), a PDE1 inhibitor that blocks the Ca 2ϩ /calmodulin-dependent cleavage of cAMP and cGMP (Juilfs et al., 1999) , and erythro-9-(2-hydroxy-3-nonyl)adenine hydrochloride (EHNA) (10 M), a PDE2 inhibitor that blocks the cGMP-dependent cleavage of cAMP and cGMP (Juilfs et al., 1999) , slightly reduced the rate of granule cell migration, although these changes were not statistically significant (Fig. 4 K) . Interestingly, when EHNA (10 M) was added to the culture medium with ethanol, the action of ethanol on the rate of granule cell migration was significantly reduced at all dose levels (25-100 mM) (Fig. 4 L-N ) . Moreover, application of 8-MM-IBMX (20 M) slightly reduced the effects of a high dose (100 mM) of ethanol on granule cell migration, although the change was not statistically significant ( Fig. 4 N) ; however, IBMX (30 M) failed to alter ethanol action on granule cell migration (Fig. 4 L-N ) . These results indicate that ethanol may affect granule cell migration by altering the amplitude and duration of cyclic nucleotide signals by modifying the activity of a specific PDE family. In particular, the activity of cGMP-activated cyclic nucleotide phosphodiesterases (PDE2) may be a key target for the action of ethanol on cell migration.
Ca

2؉ transient-dependent and Ca
2؉ transient-independent mechanisms underlying the reversal of ethanolinduced inhibition of granule cell migration
It has been reported that changes in the frequency of Ca 2ϩ transients positively correlate with changes in the rate of granule cell migration (Komuro and Rakic, 1996; Kumada and Komuro, 2004) . Do caffeine, NMDA, cAMP antagonists, and cGMP agonists reduce the effects of ethanol on granule cell migration by increasing the frequency of Ca 2ϩ transients? To test this, we examined whether application of caffeine, NMDA, cAMP antagonists, and cGMP agonists induces changes in the frequency of Ca 2ϩ transients in granule cell somata. In the absence of ethanol, NMDA (30 M) treatment significantly increased the frequency of Ca 2ϩ transients in the somata of migrating granule cells, whereas caffeine (1 mM) did not affect the frequency (Fig. 5A ). When NMDA (30 M) was added to the culture medium with ethanol, there was a marked decrease in the effects of 50 mM ethanol on the frequency of Ca 2ϩ transients in the granule cell somata (Fig. 5A ), yet interestingly, the effects of high-dose ethanol (100 mM) on the frequency of Ca 2ϩ transients were reduced significantly by caffeine (1 mM) (Fig. 5A) .
The modulation of cAMP signaling pathways also altered the frequency of Ca 2ϩ transients in the granule cell somata. For example, in the absence of ethanol, stimulating the activity of adenylyl cyclase with forskolin (30 M) significantly reduced the frequency of Ca 2ϩ transients (Fig. 5B) . In contrast, without ethanol, inhibiting cAMP signaling with a competitive cAMP antagonist, Rp-cAMPS (100 M), significantly increased the frequency of Ca 2ϩ transients (Fig. 5B ). Noteworthy too is that when Rp-cAMPS (100 M) was added to the culture medium with ethanol, the effects of ethanol (100 mM) on the frequency of Ca 2ϩ transients were eliminated completely (Fig. 5B) . Such effects of Rp-cAMPS on the frequency of Ca 2ϩ transients were significantly reduced by a coadministration of intracellular Ca 2ϩ chelator, BAPTA-AM (10 M) (Fig. 5B) .
In contrast to altering Ca 2ϩ signaling and cAMP signaling, stimulating cGMP signaling with a cGMP analog, Br-cGMP (100 M), did not change the frequency of Ca 2ϩ transients in the granule cell somata in the presence or absence of 50 -100 mM ethanol (Fig. 5C) . Likewise, inhibiting the activity of PDE2 with EHNA (10 M) did not significantly alter the frequency of Ca 2ϩ transients in the presence or absence of 50 -100 mM ethanol (Fig. 5D) .
Together, these results indicate that Ca 2ϩ signaling and cAMP signaling may reverse the action of ethanol on the migration of granule cells by increasing the frequency of Ca 2ϩ transients in their somata, whereas cGMP signaling and cyclic nucleotide PDEs may reduce the action of ethanol on migration without altering Ca 2ϩ transients. Ca 2؉ signaling, cAMP signaling, and cGMP signaling require the activities of multiple but distinct downstream targets for reversing the action of ethanol on granule cell migration What downstream effectors are essential for the reversal of ethanol action on granule cell migration by controlling Ca 2ϩ , cAMP or cGMP signaling? Although it has been known that these signalings interact with large varieties of downstream targets, we chose PKC, Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII), calcineurin, protein phosphatase 1 (PP1), Rho GTPase, mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase (PI 3 K) as potential targets that are known to be involved in controlling the motility of various types of cells (Bandyopadhyay et al., 2002; Parameswaran et al., 2004; Pfleiderer et al., 2004; Affolter and Weijer, 2005; Cai et al., 2005; Domin et al., 2005; Rajalingam et al., 2005; Titus et al., 2005; Yang and Huang, 2005) .
First, we investigated whether the activity of PKC is necessary for the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. In the absence of ethanol, inhibiting the activity of PKC with calphostin-C (100 nM) markedly reduced the rate of granule cell migration, implying that the activity of PKC is necessary for the migration of granule cells (Fig. 6 A) . When calphostin-C (100 nM) was added to the culture medium, the effects of ethanol (100 mM) on granule cell migration were amplified significantly (Fig. 6 A) . Interestingly, with a coapplication of calphostin-C (100 nM), NMDA (30 M) and Rp-cAMPS (100 M) failed to reverse the action of ethanol (100 mM) on granule cell migration (Fig. 6 A) . In contrast, the effects of caffeine (1 mM) and Br-cGMP (100 M) on the ethanolinduced inhibition of granule cell migration were not affected by the application of calphostin-C (100 nM) (Fig. 6 A) .
Second, we examined the role of CaMKII in the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. Without ethanol, the inhibition of the activity of CaMKII with 2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfonyl)] amino-N-(4-cholrocinnamyl)-N-methylbenzylamine (KN93) (5 M) did not affect the rate of granule cell migration (Fig. 6 B) . Interestingly, when the activity of CaMKII was inhibited by KN93 (5 M), caffeine (1 mM), NMDA (30 M), and Rp-cAMPS (100 M) failed to reduce the effects of ethanol (100 mM) on granule cell migration (Fig. 6 B) . In contrast, the effects of Br-cGMP (100 M) on the ethanol-induced retardation of granule cell migration did not depend on CaMKII activity (Fig. 6 B) .
Third, we tested whether the activity of calcineurin is required for the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. In the absence of ethanol, the inhibition of activity of calcineurin with deltamethrin (10 nM) slightly decreased the rate of granule cell migration, although the change was not statistically significant (Fig. 6C) . Interestingly, application of deltamethrin (10 nM) eliminated the effects of caffeine (1 mM), NMDA (30 M), and Rp-cAMPS (100 M) on the ethanolinduced inhibition of granule cell migration (Fig. 6C) ; however, the effects of Br-cGMP (100 M) on ethanol action in granule cell migration were not affected by deltamethrin (10 nM) (Fig. 6C) . Fourth, we determined the role of PP1 in the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. Inhibiting the activity of PP1 with tautomycine (4 nM) markedly reduced the rate of granule cell migration in the absence of ethanol (Fig. 6 D) , suggesting that the activity of PP1 is crucial for maintaining an active movement of granule cells. When tautomycine (4 nM) was added to the culture medium with ethanol, application of NMDA (30 M), Rp-cAMPS (100 M), or Br-cGMP (100 M) did not change the action of ethanol (100 mM) on granule cell migration (Fig. 6 D) . Coapplication of tautomycine (4 nM) and caffeine (1 mM) significantly increased the effects of ethanol (100 mM) on granule cell migration (Fig. 6 D) .
Fifth, we examined whether the activity of Rho GTPase is required for the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. In the absence of ethanol, inhibiting Rho GTPase with (S)-(ϩ)-2-methyl-1-[(4-methyl-5-isoquinolinyl)sulfonyl]homopiperazine (H-1152) (1 M) decreased the rate of granule cell migration, although the change was not statistically significant (Fig. 6 E) . Application of H-1152 (1 M) significantly increased the effects of ethanol (100 mM) on granule cell migration (Fig. 6 E) . Furthermore, when H-1152 (1 M) was added to the culture medium with ethanol (100 mM), the effects of Rp-cAMPS (100 M) and Br-cGMP (100 M) on the ethanol-induced inhibition of granule cell migration were eliminated (Fig. 6 E) . Coapplication of H-1152 (1 M) and caffeine (1 mM) resulted in a significant reduction of the rate of granule cell migration in the presence of ethanol (100 mM). In contrast, the effects of NMDA (30 M) on the ethanol-induced inhibition of granule cell migration were not altered by an application of H-1152 (1 M) (Fig. 6 E) .
Sixth, we investigated the role of MAPK in the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. In the absence of ethanol, the inhibition of the activity of MAPK with 1,4-diamino-2,3-dicyano-1,4-bis(oaminophenylmercapto)butadiene (U0126) (10 M) significantly slowed the migration of granule cells (Fig. 6 F) , suggesting that the activity of MAPK is essential for an active migration of granule cells. When U0126 (10 M) was applied to the culture medium with ethanol, application of caffeine (1 mM), NMDA (30 M), and Br-cGMP (100 M) failed to reduce the effects of ethanol (100 mM) on the granule cell migration ( Fig. 6 F) ; however, the effects of Rp-cAMPS (100 M) on the ethanol-induced impairment of granule cell migration did not depend on the activity of MAPK (Fig. 6 F) .
Finally, we tested whether the activity of PI 3 K is required for the reversal of ethanol action on granule cell migration by Ca 2ϩ , cAMP, or cGMP signaling. In the absence of ethanol, inhibiting the activity of PI 3 K with 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002) (10 M) reduced the rate of granule cell migration, although the change was not statistically significant (Fig. 6G) . When LY294002 (10 M) was added to the culture medium with ethanol, an application of NMDA (30 M), Rp-cAMPS (100 M), and Br-cGMP (100 M) failed to reduce the action of ethanol (100 mM) on granule cell migration (Fig.  6G) . Coapplication of LY294002 (10 M) and caffeine (1 mM) significantly increased the effects of ethanol (100 mM) on granule cell migration (Fig. 6G) .
Cumulatively, these results demonstrate that the reversal of ethanol action on granule cell migration by controlling Ca 2ϩ , cAMP, and cGMP signaling pathways requires the activities of multiple but distinctive downstream effectors: (1) caffeine needs the activities of CaMKII, calcineurin, PP1, Rho GTPase, MAPK, and PI 3 K; (2) NMDA needs the activities of PKC, CaMKII, calcineurin, PP1, MAPK, and PI 3 K; (3) Rp-cAMP needs the activities of PKC, CaMKII, calcineurin, PP1, Rho GTPase, and PI 3 K; and (4) Br-cGMP needs the activities of PP1, Rho GTPase, MAPK, and PI 3 K.
Reversal of ethanol action on granule cell migration in vivo by administration of caffeine, NMDA, Rp-cAMPS, and Br-cGMP Our in vitro studies demonstrate that the effects of an acute administration of ethanol on granule cells migration are significantly reduced by controlling Ca 2ϩ , cAMP, and cGMP signaling pathways. The next question was whether controlling Ca 2ϩ , cAMP, and cGMP signaling pathways could also reduce the effects of ethanol on granule cell migration in vivo. To address this question, we first determined the sequential changes in blood ethanol levels after a single injection of ethanol into the early postnatal mouse. An intraperitoneal injection of ethanol (5 g/kg body weight) into P10 mice resulted in an increase in blood ethanol levels to ϳ80 mM (equivalent to blood ethanol level Ͻ400 mg/dl) within 1 h after injection (Fig. 7A) . Thereafter, blood ethanol levels decreased gradually, ending in 14 mM at 10 h after injection (Fig. 7A) . The injection of this amount of ethanol made the pups intoxicated and decreased the activity of spontaneous movement for several hours; however, this dose level of ethanol did not cause the death of the animals. After establishing the sequential changes in blood ethanol levels, we then investigated the chronology of migration of cerebellar granule cells in vivo in the absence of ethanol. To this end, we injected P9 mice intraperitoneally with BrdU (50 mg/kg body weight), which is incorporated only into proliferating cells such as granule cell precursors. One day after BrdU injection (at P10), the BrdUlabeled granule cells were detected in the entire EGL of the cerebellum (Fig. 7B) . Two days after BrdU injection (at P11), ϳ50% of BrdU-labeled granule cells left the EGL and translocated their soma into the ML, Purkinje cell layer (PCL), or IGL (Fig. 7B) , indicating that within 48 h after final mitosis, many postmitotic granule cells begin to migrate radially toward the IGL, and some of them have already reached their final destinations in the IGL.
After establishing the chronology of granule cell migration in vivo, we ascertained the effects of an acute administration of ethanol on granule cell migration in vivo. We injected ethanol intraperitoneally (5 g/kg body weight) into P10 mice, which 1 d earlier (at P9) had been injected intraperitoneally with BrdU (50 mg/kg body weight). One day after ethanol injection (at P11), the mice were killed, and the distribution of BrdU-labeled granule cells was analyzed. We found that a single injection of ethanol into P10 mice results in (1) a reduction of the average distance of BrdUlabeled granule cells from the EGL-ML border and (2) a decrease in the number of BrdU-labeled granule cells in the ML, PCL, and IGL ( Fig. 7B-D) . These results demonstrate that a single injection of ethanol prevents granule cells from entering the ML and slows radial migration in the ML, PCL, and IGL.
After establishing the effects of an acute administration of ethanol on granule cell migration in vivo, we then examined whether controlling Ca 2ϩ , cAMP, and cGMP signaling pathways can also reduce the effects of ethanol on granule cell migration in vivo. To this end, we intraperitoneally injected P10 mice with caffeine (15 mg/kg body weight), NMDA (2 mg/kg body weight), Rp-cAMPS (2 mg/kg body weight), and Br-cGMP (2 mg/kg body weight) in separate experiments, when a single intraperitoneal injection of ethanol (5 g/kg body weight) was applied. One day after an intraperitoneal injection, we found that injection of caffeine, NMDA, or Br-cGMP significantly reduces the effect of ethanol on the average distance of BrdU-labeled granule cells from the EG-L-ML border and the number of BrdUlabeled cells in the ML, PCL, and IGL ( Fig.  7B-D) . Furthermore, injection of RpcAMPS also significantly reduced the effect of ethanol on the number of BrdUlabeled cells in the ML, PCL, and IGL but did not significantly affect the action of ethanol on the average distance of BrdUlabeled cells from the EGL-ML border (Fig. 7C,D) . These results suggest that the action of ethanol on granule cell migration in vivo can be reduced by an intraperitoneal injection of caffeine, NMDA, RpcAMPS, or Br-cGMP.
Despite a marked decrease in the number of granule cells that migrated out of the EGL after a single injection of ethanol, the width of the EGL did not increase (Fig.  7E) , which suggests that ethanol may induce cell death in granule cell precursors and/or postmitotic granule cells in the EGL. Accordingly, we examined whether a single injection of ethanol induces the apoptotic death of granule cell precursors and postmitotic granule cells in the EGL. With the use of the TUNEL assay, we found that an intraperitoneal injection of ethanol (5 g/kg body weight) into P10 mice increases the apoptotic cell death of granule cell precursors and postmitotic granule cells in the EGL within 1 d after injection (Fig. 7F,G) . Furthermore, intraperitoneal injection of caffeine, NMDA, Rp-cAMPS, or Br-cGMP failed to rescue granule cell precursors and postmitotic granule cells in the EGL from cell death caused by ethanol (Fig.  7F,G) , although intraperitoneal injections of caffeine and Rp-cAMPS with ethanol significantly altered the width of the EGL (Fig. 7E) .
Although an intraperitoneal injection of caffeine, NMDA, Rp-cAMPS, and BrcGMP significantly reduced the effects of ethanol on granule cell migration in vivo, this may be caused by the outcome of multiple and complex indirect effects, because in fact, these chemicals might not easily reach the cerebellum. Therefore, to examine the direct effects of these reagents on ethanolinduced inhibition of granule cell migration in vivo, we injected reduced amounts of caffeine (2 mg/kg body weight), NMDA (0.01 mg/kg body weight), Rp-cAMPS (0.4 mg/kg body weight), and Br-cGMP (0.4 mg/kg body weight) into the subarachnoid space between the skull and the surface of the P10 mouse cerebellum in separate experiments, when a single intraperitoneal injection of ethanol (5 g/kg body weight) was applied. We found that 1 d after an injection (at P11), the application of caffeine, Rp-cAMPS, and Br-cGMP completely reversed the effect of ethanol on the average distance of BrdUlabeled cells from the EGL-ML border and the number of BrdUlabeled cells in the ML, PCL, and IGL (Fig. 8A,B) . In contrast, the application of NMDA failed to reduce the action of ethanol on granule cell migration in vivo (Fig. 8A,B) . The direct administration of NMDA (Ͼ0.01 mg/kg body weight) into the subarachnoid space between the skull and the surface of the cerebellum often caused the death of injected pups, possibly from the neurotoxic effects of high doses of NMDA. In contrast to the case of an intraperitoneal injection, the width of the EGL was decreased significantly by coadministration of caffeine, Rp-cAMPS, or Br-cGMP with ethanol into the subarachnoid space between the skull and the surface of the cerebellum (Fig. 8C ). This reduction of the width of the EGL suggests that injection of caffeine, RpcAMPS, or Br-cGMP fails to rescue the granule cell precursors and postmitotic granule cells from apoptotic cell death induced by ethanol, because the numbers of BrdU-labeled granule cells in the ML, PCL, and IGL in the pups that had been injected with caffeine, Rp-cAMPS, or Br-cGMP with ethanol were similar to those in the pups that had been injected with saline, but without ethanol as a control. Together, these results demonstrate that controlling Ca 2ϩ , cAMP, and cGMP signaling pathways reduces the effects of ethanol on granule cell migration in vivo, although these modifications of the secondmessenger signaling pathways do not affect the action of ethanol on cell survival in vivo.
Discussion
Cellular mechanisms by which alcohol affects the migration of immature neurons in the developing brain have not been resolved, despite more than two decades of research. In this series of experiments, we demonstrate that Ca 2ϩ and cyclic nucleotide signalings are central targets for alcohol action in neuronal cell migration. Acute administration of ethanol reduced the frequency of Ca 2ϩ transients and cGMP levels but increased cAMP levels. Stimulating Ca 2ϩ signaling with caffeine and NMDA increased the frequency of Ca 2ϩ transients in the somata of migrating granule cells in the presence of ethanol and significantly reduced the effects of ethanol exposure on granule cell migration in vitro. In the case of cyclic nucleotide signalings, without ethanol, cAMP signaling acts as a "brake" on granule cell movement, whereas cGMP signaling acts as an "accelerator." In the presence of ethanol, inhibiting the cAMP signaling pathways significantly reduced the effects of ethanol exposure on granule cell migration in vitro as well as in vivo. Likewise, stimulating the cGMP signaling pathways reduced ethanol action on cell migration in vitro as well as in vivo. Measurement of the changes in intracellular Ca 2ϩ levels suggests that inhibiting cAMP signaling pathways reverses the action of ethanol on granule cell migration by increasing the frequency of Ca 2ϩ transients, whereas stimulating cGMP signaling pathways reduces the action of ethanol on cell migration independent of Ca 2ϩ signaling. Results obtained from the PDE2 inhibitors support the conclusions that cAMP and cGMP signaling pathways reciprocally regulate the action of ethanol on granule cell migration, because PDE2 is known to play a role in cells with physiological functions that are regulated in an opposite manner by cAMP and cGMP (Juilfs et al., 1999) . To reduce the effects of ethanol exposure on granule cell migration, the Ca 2ϩ and cyclic nucleotide signaling pathways require the activities of multiple but distinct downstream targets, including PKC, CaMKII, calcineurin, PP1, Rho GTPase, MAPK, and PI 3 K.
The present results demonstrate that acute administration of ethanol directly and immediately slows the migration of granule cells in a dose-dependent manner; however, we cannot rule out the possibility that ethanol may also indirectly affect the migration of granule cells by altering the function of Bergmann glial cells. In the developing ML, granule cells migrate toward the PCL along the processes of Bergmann glial cells (Rakic, 1971) . This interaction between the granule cells and the processes of Bergmann glial cells is essential for migration of granule cells in the ML and is mediated by several cell adhesion molecules expressed on the plasma membrane of granule cells and Bergmann glial cells (Hatten, 1990; Cameron and Rakic, 1994) . It has been reported that ethanol exposure alters the expression and function of cell adhesion molecules (Bearer et al., 1999; Minana et al., 2000; Ozer et al., 2000; Guerri, 2002; Miller and Luo, 2002) , suggesting that these alterations of cell adhesion molecules by ethanol may affect the migration of granule cells in the ML. Furthermore, it has been shown that radial glial cells, which support the radial migration of cortical neurons in the developing cerebrum, exhibit spontaneous elevations of intracellular Ca 2ϩ levels (Weissman et al., 2004) , and the disruption of Ca 2ϩ elevations affects the proliferative activity of neuronal precursors in the ventricular zone of the cerebrum (Weissman et al., 2004) . Similarly, we observed spontaneous elevations of intracellular Ca 2ϩ levels in Bergmann glial cells during a period of glialguided neuronal migration (H. Komuro and T. Kumada, unpublished results) ; however, the role of Ca 2ϩ transients in Bergmann glial cells in controlling granule cell migration remains to be determined.
To date, at least 11 different families of PDE are recognized (Soderling and Beavo, 2000; Beavo and Brunton, 2002) . Most cells contain representatives of more than one PDE gene family but in different amounts, proportions, and subcellular locations. Different PDEs integrate the amplitude and duration, termination, and specificity of cyclic nucleotide signals and actions (Houslay and Milligan, 1997; Rich et al., 2001) . Some PDE families are rather specific for cAMP hydrolysis (PDE4, -7, and -8); others are cGMP-specific (PDE5, -6, and -9); some hydrolyze both cGMP and cAMP (PDE1, -2, -3, -10, and -11). Present results demonstrate that an application of IBMX, a broad-spectrum PDE inhibitor, does not alter ethanol action on granule cell migration, whereas EHNA, a PDE2 inhibitor, significantly reduces the effects of ethanol on cell migration, suggesting that the action of ethanol on neuronal cell migration is involved in the activity of a specific type of PDE.
In this study, we used NMDA to increase Ca 2ϩ influxes across the plasma membrane; however, it has been reported that NMDA also increases intracellular cGMP levels through the sequential stimulation of the following systems: nitric oxide synthase-nitric oxide-soluble guanylyl cyclase-cGMP (Pantazis et al., 1998) . Likewise, caffeine also affects intracellular levels of cAMP and cGMP by altering the activity of PDE (Shafer et al., 1998) . Furthermore, most of the intracellular signaling systems are interconnected with each other like a spider web. For example, PKA may alter NMDA receptor activity through its phosphorylation (Woodward, 1999) , and cGMP may alter Ca 2ϩ signaling by the activation of cGMP-gated ion channels (Lucas et al., 2000) . Therefore, to completely understand the role of signaling pathways in the ethanol-induced inhibition of granule cell migration, a systematic approach with the combined use of gene knockout animals and pharmacological manipulations will be required.
The changes in Ca 2ϩ , cAMP, and cGMP signalings induced by ethanol exposure affect the migratory behavior of granule cells. How do the alterations in Ca 2ϩ , cAMP, and cGMP signaling reverse ethanol action on granule cell migration? Although the precise mechanisms remain to be examined, there are several possible scenarios. It has been reported that the Ca 2ϩ signaling plays a critical role in organizing the assembly and disassembly of cytoskeletal components (Henley and Poo, 2004) , which is essential for the migration of immature neurons . Therefore, the frequency of the Ca 2ϩ transients may affect the rate of granule cell migration by controlling the frequency of the assembly and disassembly of cytoskeletal components (Komuro and Rakic, 1996; Kumada and Komuro, 2004) . The Ca 2ϩ transients may also control the formation of focal adhesion by regulating the activity of phosphorylated focal adhesion kinase (Conklin et al., 2005) . The vulnerability of granule cells to ethanol exposure decreases as the cells migrated from the EGL to the IGL. These changes in vulnerability may be caused by changes in Ca 2ϩ signaling, because it has been shown that the frequency of Ca 2ϩ transients in granule cells sequentially and systematically changes during migration from the EGL to the IGL (Kumada and Komuro, 2004) . Although previous studies show a discrepancy in the role of cAMP and cGMP signalings in controlling cell motility (Bolsover et al., 1992; Haase and Bicker, 2003) , the activity of cAMP and cGMP signalings may also play crucial roles in controlling the cytoskeletal components. For example, the activation of cAMP and cGMP signalings changes the distribution of F-actin in the somata of migrating neurons in insect embryo (Haase and Bicker, 2003) . Phosphorylation by PKA can switch off the activity of oncoprotein 18, a regulator of microtubule dynamics (Gradin et al., 1998) . Furthermore, PKA-dependent phosphorylation of RhoA, which is involved in regulating the cytoskeleton, leads to termination of RhoA signaling (Lang et al., 1996) .
In this study, a single injection of ethanol into P10 mice prevented granule cells from entering the ML and slowed migration in the ML, PCL, and IGL. These results indicate that even a single administration of a high level of ethanol during a period of pregnancy can cause serious effects in the migration of immature neurons. Importantly, these effects of ethanol on granule cell migration in vivo were reduced significantly by an intraperitoneal injection of caffeine, NMDA, or Br-cGMP or by the injection of caffeine, Rp-cAMPS, and Br-cGMP into the subarachnoid space between the skull and the surface of the cerebellum. These results suggest that Ca 2ϩ and cyclic nucleotide signaling pathways are new targets for preventing the brain malformation that is associated with alcohol consumption during pregnancy. Whether controlling Ca 2ϩ and cyclic nucleotide signaling can rescue immature neurons in other parts of the developing brain, especially the cerebral cortex, from alcohol-induced aberrant migration remains to be deter-mined. Moreover, it should be determined whether the Ca 2ϩ and cyclic nucleotide signaling are also targets for the action of chronic ethanol exposure on neuronal cell migration and brain development.
This study demonstrates that even a single administration of ethanol increases apoptotic cell death in granule cell precursors and postmitotic granule cells in vivo. The cell death was not reversed by application of caffeine, NMDA, RpcAMPS, or Br-cGMP. It has been reported that administration of pituitary adenylate cyclase-activating polypeptide reduces the ethanol-induced apoptotic cell death of granule cells and their precursors through the activation of pituitary adenylate cyclase-1 receptors (Vaudry et al., 2002) . Therefore, it may be interesting to examine whether coadministration of caffeine, Rp-cAMPS, and Br-cGMP with pituitary adenylate cyclaseactivating polypeptide can reduce the effects of ethanol exposure on the migration as well as the survival of granule cells in the early postnatal cerebellum.
